The water-oxidizing manganese complex bound to the proteins of photosystem II (PSII) was studied by X-ray absorption spectroscopy on PSII membrane particles. An extended range for collection of extended X-ray absorption fine-structure (EXAFS) data was used (up to 16.6 Å K1 ). The EXAFS suggests the presence of two Mn-Mn distances close to 2.7 Å (per Mn 4 Ca complex); the existence of a third Mn-Mn distance below 2.9 Å is at least uncertain. Interestingly, a distance of 3.7 Å is clearly resolved in the extended-range data and tentatively assigned to a Mn-Mn distance. Taking into account the above EXAFS results (inter alia), we present a model for the structure of the PSII manganese complex, which differs from previous atomic-resolution models. Emphasizing the hypothetical character, we propose for all semi-stable S-states: (i) a structure of the Mn 4 Ca(m-O) n core, (ii) a model of the amino acid environment, and (iii) assignments of distinct Mn oxidation states to all the individual Mn ions. This specific working model may permit discussion, verification and invalidation of its various features in comparison with experimental and theoretical findings.
INTRODUCTION
Driven by the absorption of four photons, plants and cyanobacteria oxidize water, thereby producing atmospheric dioxygen (McEvoy & Brudvig 2006) . Water oxidation by photosystem II (PSII ) is of fundamental importance for the atmosphere (O 2 production) and biosphere (primary biomass formation). Understanding its mechanism could promote the development of biotechnological and biomimetic approaches for light-driven H 2 production from water.
The catalyst of water splitting is a pentanuclear Mn 4 Ca complex (denoted here as Mn complex) bound to the proteins of PSII. The crystallographic model of Zouni et al. (2001) of PSII revealed the position of the Mn complex with respect to other redox factors. Barber and his co-workers provided a specific hypothesis on the structure of the Mn complex and its ligand environment and showed that the Mn complex includes a Ca ion and thus is a pentanuclear Mn 4 Ca complex (Ferreira et al. 2004) , thereby confirming earlier extended X-ray absorption fine-structure (EXAFS) results (Cinco et al. 2002) . At an improved resolution of 3.0 Å , Loll et al. (2005) assigned residues ligating the metal ions of the Mn complex differently.
A definitive structural model of the Mn 4 Ca complex cannot be concluded from the available crystallographic data alone, inter alia owing to Mn reduction by X-ray exposure during data collection (Dau et al. 2004; Loll et al. 2005; Yano et al. 2005a; Grabolle et al. 2006) . Results obtained by EXAFS spectroscopy have been incorporated in all crystallographic models and in general may be useful in construction of structural models of the Mn complex in its protein environment (Yano et al. 2006) . In the present work, we present new extended-range EXAFS data and a specific working model on the structure of the Mn complex in the four semi-stable S-states, which represent the experimentally easily accessible subset of the nine (or more) functional intermediates of the reaction cycle of photosynthetic dioxygen formation as reviewed elsewhere , 2008 .
MATERIAL AND METHODS
Highly active PSII membrane particles were prepared from spinach (Schiller & Dau 2000) . Preparation of XAS samples (approx. 300 mm layers of PSII particles), XAS data collection (bending-magnet beamline, EMBL outstation Hamburg at the DESY ) and data analysis procedures are described elsewhere Schiller et al. 1998; Haumann et al. 2005) . The X-ray energy was scanned from 6420 to 7610 eV (sample temperature of 20 K; 'magic' excitation angle of approx. 558 duration). An energy-resolving 13-element Ge detector (Canberra) was employed; in 11 discriminators the windows were set for detection of the Mn K a -fluorescence and in two for the detection of the Fe fluorescence. After subtraction of the Fe contribution (see further below), normalization and extraction of the EXAFS oscillations, the energy scale of the EXAFS spectrum was transformed to a k-scale employing an E 0 of 6540 eV. For calculation of the shown Fourier transforms, cos 2 -window functions extending at the low k-side over 10% and at the high k-side over 20% of the respective k-range were used.
The k 3 -weighted EXAFS spectra were simulated for k-values ranging from 1.2 to 16.6 Å K1 (phase-function calculation by the FEFF program (Rehr et al. 1991) ; S 0 2 Z0.85; E f Z6547 eV). The use of Fourier-isolation techniques was strictly avoided. Only subsequent to the curve-fit itself, the quality of the least-square fits was judged by calculation of the Fourier-filtered R-factor (R F ) described by Meinke et al. (2000) .
For structural modelling, the potential energy was minimized using a classical force field (MMC force field of HyperChem 7, HyperCube). Since the molecular-mechanics force field cannot model the geometry of the metal complex itself, it was supplemented by a set of restraints involving all Mn ligand (first-sphere ligands only) and all intermetal distances (shorter than 4 Å ) as well as selected bond angles.
RESULTS AND DISCUSSION (a) Extended-range EXAFS
To extend the EXAFS range beyond the Fe K-edge, we used the procedure described by Gu et al. (2003) . The K afluorescence predominantly resulting from Mn excitation (detection at approx. 5899 eV) and the K a -fluorescence from iron (6404 eV) were simultaneously recorded. In the Mn signal, the iron-edge at approximately 7110 eV is clearly visible (figure 1, dotted line). By a weighted subtraction of the simultaneously measured Fe signal (dashed line), the Fe contribution to the Mn signal was completely removed, as visible in the inset of figure 1. The thereby obtained EXAFS spectrum (solid line) extends up to k-values of 16.6 Å K1 (figure 2a). The benefit of the extended range becomes apparent by comparison of the Fourier-transformed spectra (figure 2b). As anticipated, the FT peaks assignable to Mn-Mn/Ca vectors become enhanced. Peak II is dominated by contributions from Mn-Mn vectors of 2.7 Å length; it narrows and increases pronouncedly in magnitude. Peak III at a reduced distance of approximately 3 Å splits into one peak at 2.85 Å (III-a) and a second peak at 3.3 Å (III-b), suggesting the presence of backscattering atoms at approximately 3.3 Å as well as at 3.7 Å . In previous extended-range EXAFS studies, the peak III-a also shifted to shorter distances in comparison with the conventional-range spectrum, but the peak III-b remained below the noise level (Yano et al. 2005b; Pushkar et al. 2007) .
Since Fourier-isolation techniques are potentially misleading (Dau et al. 2004) , the original k 3 -weighted EXAFS spectrum was simulated. The peak III-b is reproduced only if backscattering atoms at 3.7 Å distance are taken into account (table 1). In an early study, the 3.7 Å EXAFS was assigned to a Ca ion at approximately 3.7 Å (MacLachlan et al. 1992) . In past studies of our group, several light atoms at a distance of 3.7 Å to manganese were employed in the EXAFS simulations (Pospisil et al. 2003; Haumann et al. 2005) . The extended-range data clearly indicate the presence of a 3.7 Å EXAFS interaction, but does not facilitate an unequivocal assignment to one or several heavy atoms (Mn or Ca). Acceptable simulation results are also obtained for light backscatterers, but only for a larger number of these (5-20 Mn-O/N vectors per Mn complex) within a narrow distance range (small s-value). Since all more recent structural models of the PSII manganese complex are essentially incompatible with a larger number of Mn-O vectors close to 3.7 Å , we consider the assignment to light atoms as less likely. No indications of 3.7 Å Mn-Ca vectors have been found in EXAFS studies at the Ca or Sr K-edge (Cinco et al. 2002 (Cinco et al. , 2004 Mü ller et al. 2005 ). Thus we tentatively assign the 3.7 Å distance to a Mn-Mn vector.
For the extended-range data, the coordination number is close to unity for the 2.7 Å EXAFS interaction suggesting the presence of two Mn-Mn vectors of approximately 2.7 Å length (table 1). For fits involving a further Mn-Mn distance in the range from 2.77 to 2.97 Å , the coordination number of this additional shell consistently drops below 0.15 (mostly below 0.08) suggesting that the data are incompatible with the presence of an additional Mn-Mn vector of 2.8-2.9 Å length. Possible reasons for the divergent conclusion of Yano et al. (2005b) and Pushkar et al. (2007) have been discussed by Dau et al. (2004) .
We conclude: (i) a Mn-Mn distance close to 3.7 Å may be present in the Mn complex of PSII; (ii) the EXAFS fits point towards the existence of not more than two Mn-Mn vectors of less than 2.9 Å length (per Mn 4 Ca complex), the existence of a third one being at least uncertain. In the following, we will present a working model for the structure of the PSII manganese complex for various S-states which inter alia takes into account the above points and represents an alternative to recently proposed structural models ( Ferreira et al. 2004; Yano et al. 2006 ).
(b) Structural model of the Mn complex (i) S 1 -state complex The ligation of the metal ions by amino acid residues was modelled according to Loll et al. (2005) . The m-oxo bridging between metal ions was chosen such that the final model matches the EXAFS results which we have obtained on isotropic and unidirectionally oriented PSII samples, and can account in a straightforward way for the structural changes in the S-state cycle suggested elsewhere (Dau et al. 2001 Haumann et al. 2005 ). Molecular mechanics modelling was employed where a standard force field had been complemented by chemically reasonable restraints regarding the Mn and Ca ligand environment; the restraints for the intermetal distances were chosen in accord with the EXAFS results (table 1e) . Starting with the coordinates of Loll et al. (2005;  figure 3) , minimization of the potential energy was carried out by allowing for changes in the coordinates of atoms within a narrow range around Mn1, Mn2 and Mn3, but within a clearly extended range around Mn4, to account for the putative influence of radiation-induced modifications on Mn4 and its ligand environment suggested by the analysis in Loll et al. (2005) . In the thereby obtained structure (N 1 , N 2 ) . In the last row, the EXAFS R-factor providing the deviation between simulated and experimental spectra has been calculated for the EXAFS oscillations that correspond to reduced distances between 2.2 and 3.6 Å (peaks II, III-a and III-b; Fourierfiltered R-factor). The quality of the simulations d, e and f is essentially identical, and f is disfavoured only because the presence of a high number of Mn-O vectors of 3.6 Å length is highly unlikely.) 
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Figure 3. Overlay of initial and final structure in molecular mechanics modelling of the protein environment of the Mn complex. Energy minimization leads from the starting structure (light grey bonds and atoms, Mn3 and Mn4 labelled as 3 and 4, respectively) to the here discussed atomic-resolution model of the Mn complex and its ligand environment (oxygen and nitrogen atoms in darker grey tones, Mn3 and Mn4 labelled as 3 0 and 4 0 , respectively). Selected residues are labelled.
shifted, but the positions of Mn4 and the Asp170 deviate clearly from the starting structure. We note that, due to the uncertainty in the position of Mn4 and Asp170, the coordination sites of the two coordinated water species and the carboxylate side chain of Asp170 are essentially exchangeable allowing for, e.g. a hydroxide ligand in bridging position between Mn4 and Ca; also bidentate coordination of Asp170 (and a single ligated water species) is conceivable. Chloride ligation is not considered because Cl does not seem to be a first-sphere Mn ligand in the dark-adapted PSII . The resulting structural model suggests that the substrate water molecules bind at or close to Mn4, as proposed first in Ferreira et al. (2004) , because (i) only Mn4 is coordinatively not fully saturated by m-oxo and amino acid ligands and (ii) close to Mn4 there is a cavity which could accommodate two or more additional water molecules thereby facilitating immediate binding of substrate water molecules after dioxygen release.
The assumed oxidation states are: Mn1
IV and Mn4
IV
. This assignment suggests that one of the two water species coordinated to Mn4 IV may be a hydroxide. The terminal hydroxide ligand of the Ca ion could be in hydrogen-bonding distance to the phenol oxygen of Tyr160; the terminal H 2 O ligand is in hydrogen-bonding distance to Asp61; the His337 (not shown) could form a hydrogen bond to the m 2 -oxo bridge between Mn2 and Mn3.
(ii) The Mn complex in its S-state cycle On the basis of XAS results reported elsewhere (Dau et al. 2001 Haumann et al. 2005) , we assign structural and oxidation state changes to the transitions between the four semi-stable S-states. The assumed interrelation between deprotonation of the Mn complex and electron transfer (ET) to the Y Z -radical is described by , 2008 . The histidine ligation suggests that Mn1 will be the last Mn ion to reach the Mn IV -state (i.e. in the S 2 /S 3 transition). FTIR results suggest that Mn2, which is ligated to Ala344, is oxidized in the S 1 /S 2 transition (Chu et al. 2004) and that Mn4 possibly does not change its oxidation state in the transitions from S 0 to S 3 (Debus et al. 2005) .
We propose that the S 0 /S 1 transition involves Mn3 III/IV oxidation and deprotonation of the m 2 -oxo bridge between Mn3 and Mn4 (labelled by an asterisk in figure 4 ). In the S 1 /S 2 transition, the Mn2 III/IV oxidation is not coupled to deprotonation and structural changes. Up to the S 2 -state, the hydroxide (labelled by a hash in figure 4 ) bridging between Mn2 and Ca is only loosely ligated to Mn1 (Mn1-O distance O2.4 Å ). In the S 2 /S 3 transition, the fivecoordinated Mn1
III is oxidized and transformed into a six-coordinated Mn1
IV by tighter binding of the O#, a process associated with deprotonation and proton release. In the thereby formed S 3 -state complex (figure 5), a Mn 3 Ca(m-O) 4 cubane is present in a conformation of the Mn 4 Ca(m-O) n core identical to one predicted by quantum chemical calculations (Lundberg & Siegbahn 2004) .
As clearly visible in figure 5 , the proposed Mn 4 Ca(m 2/3 -O) n core exhibits striking similarities to motifs found in various modifications of Mn III/IV oxides (layer or tunnel structures with intercalated Ca ; Post 1999; as well as in synthetic multinuclear Mn (Mukhopadhyay et al. 2003) and Mn-Ca complexes (Mishra et al. 2005) . Also, the bidentate carboxylate bridging between Mn ions frequently is found in binuclear Mn sites in proteins (Crowley et al. 2000) as well as in numerous synthetic complexes (Mukhopadhyay et al. 2004 ).
Here we note that the proposed coordination by the carboxylate side chains of Asp342 (to Mn2) and Glu189 (to Mn1) appears to be in conflict with FTIR results (Strickler et al. 2006 (Strickler et al. , 2007 . However, the relation between shifts in vibrational frequencies of coordinating carboxylates and Mn oxidation is only insufficiently understood and could be more intricate than presently assumed. In any event, these and other FTIR results will be crucial touchstones for evaluating the model.
Emphasizing the hypothetical character, here we have suggested for all semi-stable S-states: (i) a structure of the Mn 4 Ca(m-O) n core, (ii) a model of the amino acid environment (largely following Loll et al. (2005) ), and (iii) assignments of distinct Mn oxidation states to all the individual Mn ions. Being highly specific, this working model permits discussion, verification, invalidation and modification of distinct aspects by comparison with experimental and theoretical findings.
We thank Dr Wolfram Meyer-Klaucke and the EMBL staff in Hamburg for their support in XAS data collection at the EMBL beamline (D2) at the DESY and Monika Fü nning for the skilled preparation of XAS samples. Financial support by the Deutsche Forschungsgemeinschaft (DFG) in the framework of the SFB 498 on protein-cofactor interactions and by the Bundesministerium fü r Bildung und Forschung (BMBF 03SF0318C) in the research consortium 'Grundlagen fü r einen biotechnologischen und biomimetischen Ansatz der Wasserstoffproduktion' is gratefully acknowledged.
